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1  Abstract 

A  study  has  been  conducted  to  develop  novel  advanced  laser 
spectroscopy  plasma  diagnostic  methods.  The  methods  are  based  on 
observing  the  Doppler  shift  in  the  absorption  lines  of  ionic 
species.  The  two  methods  studied  are  Velocity  Modulated  Laser 
Spectroscopy  and  Two-Beam  Doppler  Shift  Laser  Spectroscopy.  The 
scientific  goal  of  the  work  was  to  increase  understanding  of 
plasmas  by  making  insitu  measurements  of  ion  drift  velocities, 
concentrations  and  temperatures  in  a  non-intrusive  fashion.  The 
scientific  approach  was  to  combine  conventional  laser  spectro¬ 
scopies  with  velocity  detection.  Using  a  method  such  as 
Rayleigh,  fluorescence,  or  Raman  scattering,  one  probes  the 
Doppler  profile  of  the  species  of  interest,  observing  shifts  in 
the  Doppler  profile  that  arise  because  of  the  presence  of  an 
electric  field.  The  shift  may  be  related  to  the  ion  mob?l?t-y, 

=>rd  thus  conductivity,  if  the  electric  field  is  known,  or  to  the 
electric  field  if  the  mobility  is  known.  Temperature  and 
concentration  may  be  recovered  by  the  conventional  means. 

2  Introduction 

The  purpose  of  the  work  was  to  develop  advanced  laser 
spectroscopy  methods  to  diagnose  partially  ionized  plasmas.  We 
focused  on  methods  that  are  based  on  observing  the  Doppler  shift 
in  ionic  spectra  due  to  the  presence  of  an  ion  drift  velocity. 

Two  particular  methods  we  worked  with  were  Velocity  Modulated 
Laser  Spectroscopy  (VMLS)  and  Two  Beam  Doppler  Shift  Laser 
Spectroscopy  (TBDSLS ) . 

The  scientific  goal  of  the  work  was  to  increase 
understanding  of  the  role  of  flow  non-uniformities  and 
plasma/wall  interactions  in  plasma  devices  by  making  insitu 
measurements  of  electric  field  strength,  ion  mobilities, 
concentrations  and  temperatures  in  a  non-intrusive  fashion  that 
allows  point,  one,  and  two-dimensional  imaging. 

The  scientific  approach  is  to  use  conventional  laser 
spectroscopic  methods  such  as  Rayleigh  scattering,  Raman 
scattering,  or  fluorescence,  to  probe  ?  >n  absorption  line 
profiles.  If  there  is  an  electric  fielc  present,  the  ions  will 
experience  a  net  force  and  undergo  drjL  resulting  in  a  shift 

in  the  position  of  the  line  profile.  Ir  the  ion  mobility  is 
known,  then  the  electric  field  component  along  the  probe 
direction  can  be  calculated.  If  the  electric  field  driving  the 
plasma  is  modulated,  one  will  observe  an  oscillating  shift  in  the 
line  profile  that  arises  because  of  the  oscillating  force  imposed 
on  the  ions.  The  shift  may  be  related  to  the  ion  mobility,  thus 
conductivity. 
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Temperature  and  concentration  may  be  recovered  by 
conventional  laser  spectroscopic  means.  The  methods  are  species 
and  state  selective,  allowing  one  to  make  measurements  on  more 
than  one  species  and  to  study  the  effect  of  internal  mode 
nonequilibrium. 

The  merit  of  the  methods  lies  in  their  ability  to  provide 
simultaneous  measurements  of  important  parameters  in  plasmas. 

The  methods  are  well  suited  to  multi-dimensional  imaging.  One 
may  use  an  array  detector  to  image  lines  and  planes  in  addition 
to  the  more  conventional  point  configuration. 

During  the  first  year  of  the  program,  the  theoretical  basis 
of  the  method  was  developed  and  our  experimental  facility  was 
modified  for  the  purpose  of  demonstrating  its  effectiveness. 
During  the  second  year  the  global  characteristics  of  a  flame 
assisted  plasma  was  studied  to  establish  a  known  measurement 
environment.  During  the  final  year  laser  diagnostic  measurements 
were  made  in  the  plasma  environment  to  determine  its  detailed 
structure . 

The  results  of  the  analyses  and  experiments  that  we 
conducted  establish  the  operational  parameters  of  an  instrument 
system.  In  the  following  the  findings  of  the  study  are 
presented. 

3  The  Diagnostic  Method 

The  basis  of  Doppler  shift  methods  for  studying  plasma 
conditions  is  that  ionic  species  will  experience  a  drift  velocity 
when  exposed  to  an  electric  field.  The  velocity  experienced  is 
of  the  form 


v  -  // ,  E 

where  u,  is  the  ion  mobility.  Since  the  observed  frequency  at 
which  an  atom  or  molecule  absorbes  is  shifted  according  to  the 
Doppler  relation 


where  v  is  the  component  of  ion  velocity  along  the  line  of  sight, 
by  measuring  the  shift  in  frequency  of  the  ions  absorption  line 
one  can  obtain  the  drift  velocity.  By  appropriate  interpretation 
of  the  experimental  results,  one  may  then  obtain  information 
regarding  the  mobility  and  the  electric  field. 

The  configurations  we  studied  are  Velocity  Modulated  Laser 
Spectroscopy  (VMLS)  and  Two-Beam  Doppler  Shift  Laser  Spectroscopy 
(TBDSLS ) . 
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The  VMLS  configuration  is^useful  for  studying  AC  plasmas  and 
for  measuring  mobility  under  known  plasma  conditions.  As 
illustrated  in  Figure  1,  one  brings  a  laser  beam  into  the  plasma 
in  a  direction  parallel  to  the  electric  field  and  then  collects 
scattered  fluorescence  at  ninety  degrees.  By  using  laser  induced 
fluorescence  to  detect  the  ion  and  using  a  laser  that  has  a  line 
width  narrow  with  respect  to  the  absorption  line  width,  the  LIF 
signal  can  be  used  to  probe  the  line.  That  is,  as  the  laser 
frequency  is  scanned  past  the  line,  the  signal  will  trace  out  the 
line  shape.  If  one  assumes  that  the  line  is  Doppler  broadened, 
then  the  signal  will  be  proportional  to 


Sig* 


2  v  I  n  2 
Jv  pyfn 


exp 


2  y  1  n  2 
dvD 
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where  Jv0  is  the  Doppler  half  width. 

The  effect  of  velocity  modulation  on  the  Doppler  profile  is 
felt  as  a  modulation  of  va.  By  differentiating  the  signal  twice, 
one  obtains  the  result  that  the  signal  is  most  sensitive  to 
changes  in  va  when  the  laser  frequency  v,  becomes  equal  to 
v1>vt±o.425Jvi-.  The  fractional  sensitivity  in  this  case  is 


dSig 

Sig 


2 


.35 


dv  0 
J  ^  0 


One  may  recast  this  expression  into  a  detectabilty  limit  for  the 
detection  of  a  given  modulation  electric  field 


1-08 


P 


dSig 

5ig 


Dpi 


If  one  assumes  a  moderate  one  percent  for  the  signal 
detectability  limit,  and  a  typical  ten  square  Angstroms  for  the 
collision  cross  section,  then  one  obtains 

BODJV/m)  =  0.0067^P(Pa) 


At  one  atmosphere,  the  detectable  electric  field  is  only  6.75 
V/cm,  a  field  readily  achievable  in  the  laboratory.  By  utilizing 
phase  sensitive  detection,  one  can  achieve  significantly  lower 
detectability  limits. 

In  principle,  any  method  which  probes  the  Doppler  profile 
with  sufficient  resolution  can  be  used  to  determine  a  DC  line 
shift.  If  only  one  probe  is  used,  however,  there  may  be  a 
problem  of  absolute  frequency  calibration.  By  using  two  beams  in 
opposite  directions,  an  insitu  calibration  is  achieved. 
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Consider  the  arrangement  fllustrated  in  Figure  2.  Assume 
that  there  is  a  drift  velocity  in  the  positive  x  direction.  If 
the  laser  frequency  is  scanned  through  the  line,  then  the 
rightward  running  beam  will  probe  the  profile  labeled  R  in  the 
lower  figure,  while  the  leftward  running  wave  will  probe  the 
profile  labeled  L. 

As  the  laser  frequency  is  scanned  through  the  line  (or  lines 
as  it  were)  from  v<v,  to  v>v0,  signal  will  first  appear  from  the 
right  running  beam.  As  the  frequency  is  increased,  the  leftward 
running  beam  will  begin  to  contribute.  If  the  two  signals  are 
independently  observed,  they  will  look  as  shown  in  Figure  2.  By 
chopping  the  beams  at  a  rate  fast  compared  to  the  frequency  scan 
rate,  one  may  use  the  same  imaging  optics  to  detect  both  signals. 
The  peak  separation  is  just  twice  the  Doppler  shift  and  the 
crossing  point  of  the  two  signals  is  the  unshifted  line  center. 

The  detectability  limit  for  the  method  is  determined  by  the 
resolution  with  which  the  distance  between  the  two  peaks  can  be 
resolved.  If  the  precision  with  which  the  line  shape  signal  can 
be  measured  is  j Stg ,  then  for  Doppler  broadening  the  precision 
with  which  the  separation  in  peaks,  and  thus  electric  field,  can 
be  resolved  is 


J£ 

E 


=  ( 1  /  v  2 1 n  2) 


J  Suj 
Sig 


where  Jv,  is  the  frequency  shift  due  to  the  electric  field. 

If  we  define  the  detectability  limit  as  that  value  of  E  for 
which  a  precision  of  10%  is  achieved  when  the  spectroscopic 
signal  is  detected  with  a  precision  of  1%,  then  we  can  write 
approximately 

/cm).  0.04^110. 

(Assuming  that  Q  =  10  A2,  m  is  the  mass  of  a  proton,  and  the  line 
center  is  at  5000  A.)  Thus  at  a  pressure  of  0.01  Atmosphere  and 
5000K,  the  detectability  limit  is  about  1  V/cm. 

It  should  be  noted  that  least  squares  fitting  the  line  shape 
to  the  appropriate  profile  would  significantly  increase  the 
precision  with  which  the  line  center  is  detected  and  thus  reduce 
the  detectability  limit  for  the  electric  field.  Also,  if  a 
suitable  transition  is  found,  saturation  spectroscopy  could  be 
used  to  locate  the  line  peak  with  high  precision,  although  the  in 
situ  calibration  for  the  zero  shift  position  would  be  lost. 
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4  LIF  Diagnostics 

One  must  select  a  diagnostic  to  measure  the  line  profile 
shape  and  position.  Because  of  signal  considerations,  LIF  is  the 
method  of  first  choice.  Of  importance  are  the  excitation 
dynamics  relating  to  the  pumping  and  probe  strategy,  and  the 
nature  of  the  detection  system. 

The  excitation  dynamics  are  important  because  they  play  a 
critical  role  in  determining  the  detectablity  limit  with  which 
the  line  shape  profile  can  be  obtained.  This  is  a  serious 
problem  in  application  because  the  ion  populations  drop 
significantly  in  regions  of  high  electric  fields  and  because  we 
are  pumping  at  sub-Doppler  widths  and  thus  not  exciting  all  the 
ground  state  population.  One  seeks  to  maximize  LIF  signal  at  all 
times. 

We  have  worked  with  the  Barium  ion.  A  simple  energy  level 
diagram  is  shown  in  Figure  3.  Because  of  the  difficulty  in 
operating  the  ring  laser  in  the  blue,  we  have  chosen  to  excite 
from  the  2D2/2  metastable  state  to  the  2^2/2  excited  electronic 
state  at  a  wavelength  of  5853.68  A.  We  then  detected 
fluorescence  to  the  2S1/2  ground  state  at  4554.03  A. 

The  excitation  dynamics  were  modeled  using  a  lumped 
two-level  system  as  illustrated  in  Figure  4.  Solving  the  steady 
state  rate  equations  results  in 

/  \ 

\^si  +Q.o  +  l/25(a  +  ^/?)  ( 


where  n5  is  the  directly  measured  population  of  level  5.  Thus 
the  propceedure  is  based  on  measuring  the  population  of  level  5 
under  laser  excitation  conditions. 

5  Plasma  Test  Environment 

The  selection  of  a  plasma  environment  in  which  to 
demonstrate  the  Doppler  shift  methods  is  somewhat  complicated  by 
the  fact  that  the  plasmas  of  ultimate  interest  are  quite  complex 
and  not  well  understood.  Thus  the  approach  we  took  was  to  select 
a  plasma  environment  which  may  be  fairly  well  characterized  and 
which  displays  simple  limiting  behavior. 

After  some  consideration,  it  was  decided  to  work  with  a 
flame  assisted  plasma.  The  concept  behind  such  a  choice  is  that 
flame  assisted  plasmas  that  are  seeded  with  a  dominant  ionizable 
species  often  remain  collision  dominated  at  quite  large  values  of 
electric  field,  and  may  be  designed  to  offer  well  defined 
properties  over  fairly  large  spacial  extent. 
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Once  a  seeded,  flame  assisted  plasma  is  selected,  other 
practical  constraints  limit  the  choices  of  configuration,  fuel 
and  seed  species.  The  seed  species  must  be  both  readily 
ionizable  and  the  ion's  absorption  lines  must  be  accessible  for 
laser  excitation.  In  addition,  one  seeks  to  achieve  as  high  a 
temperature  as  possible  so  as  to  obtain  the  maximum  degree  of 
ionization.  Given  these  constraints,  barium  was  chosen  as  the 
seed  species  and  oxygen  and  hydrogen  as  the  oxidizer  and  fuel, 
respectively.  The  use  of  oxygen  and  hydrogen  limits  the  choice 
of  a  burner  configuration  to  non-premixed. 

5.1  Diffusionless  Plasma  Theory 

The  advantage  of  utilizing  a  collisionally  dominated  plasma 
is  that  the  theoretical  description  of  the  plasma  is  simplified 
considerably.  Such  a  simplified  description  has  been  formulated 
by  Lawton  and  Weinberg  [1]  expressly  for  flames  under  conditions 
where  the  flow  between  electrodes  is  fully  developed  or 
quiescent.  Our  approach  has  been  to  use  their  theory  in 
conjunction  with  experiments  to  ensure  that  we  have  a  reasonable 
understanding  of  the  plasma  conditions. 

The  Lawton  and  Weinberg  theory  is  based  on  the  assumption 
that  diffusion  of  ions  and  electrons  can  be  neglected  in 
comparison  with  drift.  Under  this  assumption,  and  assuming  that 
the  plasma  is  one-dimensional  with  uniform  properties,  the 
governing  equations  are  electron  and  ion  continuity 

diJ . 


and  Poisson's  equation 

dE_  =  e, 


./.  is  the  ion  or  electron  current  density  in  units  of  molecules 
per  unit  area  and  time,  r^  the  net  rate  of  charge  production  in 
units  of  molecules  per  unit  volume  and  time,  E  the  electric 
field,  e  the  charge  of  an  electron,  e  the  permutivity  of  free 
space,  and  ri.  the  ion  or  electron  number  density.  The  current 
density  is  given  by 

J .  =  ±  f-t .  n. ,  E 

where  n.  is  the  ion  or  electron  mobility,  and  the  electric  field 
is  related  to  the  potential  by 


dx 
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5.1.1  Current-Voltage  Characteristics 

These  equations  have  particularly  simple  limiting  solutions. 
The  first  is  the  zero-field  limit.  In  this  case  it  is  assumed 
that  the  electric  field  is  sufficiently  small  so  that  the  imposed 
ion  and  electron  currents  are  insignificant  in  comparison  to  the 
ionization  rate.  In  this  limit,  the  ion  and  electron  number 
densities  remain  at  approximately  their  equilibrium  values  and 
the  source  term  in  Poisson's  equation  remains  zero.  Thus  the 
electric  field  is  constant  and  given  by 


where  V0  is  the  potential  across  the  electrodes,  and  L  is  the 
electrode  spacing. 

The  other  simple  limit  occurs  at  large  field  strengths  and 
is  called  the  saturation  limit.  If  the  field  becomes  large 
enough,  then  the  current  is  limited  by  the  ionization  rate.  In 
this  limit  the  current  becomes 

J,a,  =  0rJ- 


where  rc  is  the  collisional  ionization  rate, 
is  given  by 


The  electric  field 


In  between  these  two  limiting  solutions,  the  current  density 
depends  on  the  square  root  of  the  voltage  drop  across  the  plasma 

—  =  /i- 

J  sal  \  ^  sen 

If  the  theory  is  correct,  then  the  drift  velocity  of  ion  we 
are  observing  in  the  experiment  can  be  calculated  directly.  This 
gives  a  basis  of  comparison  with  the  Doppler  shift  measurements. 
Furthermore,  the  theory  allows  one  to  determine  the  ionization 
rate  and  the  equilibrium  ion  number  density  from  the 
current-voltage  characteristics  of  the  plasma. 

5.1.2  Spatial  Ion  Distributions 

The  field  equations  can  also  be  solved  for  the  electron  and 
ion  distributions  in  the  limiting  cases  discussed  above.  For  the 
zero-field  limit,  the  electron  and  ion  number  densities  are  given 
by  their  thermal  equilibrium  values  (note  that  in  flames  there 
may  be  a  high  degree  of  ionizational  non-equilibrium.)  In  the 
saturation  limit,  the  electron  number  density  is  reduced 
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practically  zero  and  the  positive  ion  number  density  to  a 
value  de--  ...mined  by  the  balance  between  current  and  ion 
production 


n .  = 


In  practice  this  means  that  the  ion  number  density  may  be 
reduced  by  several  orders  of  magnitude  below  the  zero  field 
value.  For  sub-saturation  conditions,  there  exists  an  expanded 
sheath  region,  within  which  the  electron  number  density  is 
essentially  zero  and  the  positive  ion  number  density  reduced  to 
the  saturation  value.  The  above  results  are  shown  in  Figures 
5-7  . 


5.2  Effects  of  Diffusion 

Diffusion  is  important  in  practice  because  of  the  tendancy 
for  recombination  to  occur  on  cold  electrode  surfaces.  In 
addition,  if  the  flow  field  between  the  electrodes  is  not  fully 
developed,  diffusion  will  play  a  role  in  determining  the  electron 
and  ion  profiles. 

If  diffusion  is  included  in  the  theory,  the  drift  velocity 
becomes 

c/ln  n , 

i .  =  ±  n .  E  ±  D .  — - - 

d  v 


In  the  case  of  zero  field,  one  would  expect  approximately  a 
parabolic  profile  for  both  electrons  and  ions.  This  is  because 
the  continuity  equation  reduces  to 


d  \  ■ 


where  n  is  the  electron  or  ion  number  density  and  r^  is  the  net 
rate  of  charge  generation.  If  the  boundary  conditions  on  the 
electrodes  assume  complete  recombination,  then 


n(x) 


r_, 

D 


v 


2 


where  x0  is  the  electrode  spacing.  Thermal  diffusion  will  also 
lead  to  a  parabolic  temperature  distribution.  This  in  turn  will 
affect  the  neutral  barium  concentration  distribution  and  the  net 
charge  production.  Thus  the  above  result  should  be  modified  to 
account  for  these  effects. 
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In  the  presence  of  a  fieldv  the  qualitative  results  of  the 
diffusionless  theory  would  still  apply.  There  will  be  a  sheath 
region  that  grows  from  zero  (of  neglegible)  thickness  at  zero 
field,  to  the  full  plasma  width  at  saturation.  Within  the 
sheath,  the  electron  concentration  is  effectively  zero  and  the 
ion  concentration  determined  by  the  balance  between  production 
and  current. 

6  Temperature  Diagnostics 

A  program  was  written  to  fit  temperature  to  single  spectral 
line  data.  The  program  fits  the  line  shape  to  a  Voigt  profile  of 
the  form 

S(?)-So0(f  .a) 

where  o(sr.a)  is  the  Voigt  function 

a  /**’  -y2 

4>(f 'a)m-  I  exp---  dy 

nj a  +(f  -  y) 

f  is  the  normalized  frequency 

2  v  1  ii  T  v  -  v  Q  ' 

f  - - ; - 

and  a  is  the  Voigt  parameter 


a  = - 1  n  2 

Av  D 

The  fit  procedure  is  based  on  minimizing  the  sum  of  the 
squares  of  the  non-normalized  residual  error  between  .v ( i )  and  the 
experimental  line  profile  over  all  the  data  points. 

7  Experimental  Considerations 

7.1  Laser  Selection 

To  perform  a  measurement  one  must  utilize  a  laser  source  of 
sufficiently  small  line  width  and  sufficiently  large  power.  The 
first  requirement  is  to  insure  that  the  absorption  line  of  the 
transition  being  probed  can  be  fully  resolved.  The  second  is  to 
insure  adaquate  signal.  As  will  be  discussed  below,  the  latter 
issue  can  be  significant. 

There  are  two  approaches  that  may  be  followed.  The  first  is 
to  utilize  a  CW  laser  system  such  as  an  optically  pumped  ring  dye 
laser.  The  second  is  to  use  a  pulsed  system,  such  as  amplifying 
the  ring  output  with  an  excimer  or  YAG  pumped  dye  cell. 
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In  our  experiments  we  utilized  an  argon  ion  laser  (Spectra 
Physics  171-19)  pumped  ring  dye  laser  (Coherent  699-21) .  The 
ring  laser  was  fully  stabilized  and  has  a  line  width  of  less  than 
one  megahertz.  The  output  of  the  laser  was  directed  through  a 
Fabry-Perot  interferometer  (Coherent  Model  251  Spectrum  Analyzer) 
as  a  means  of  measuring  the  relative  wavelength  precisely.  A 
small  portion  of  the  beam  was  also  split  off  and  sent  to  a 
wavemeter  (Burleigh  Model  WA  10)  for  absolute  wavelength 
calibration. 

7.2  Optical  Arrangments 

The  laser  beam  was  then  directed  into  the  test  section  in 
either  the  VMLS  or  TBDSLS  configuration.  In  either  case  (see 
Figure  8) ,  the  beam  (or  beams)  passes  through  small  holes  in  the 
electrodes.  A  power  supply  capable  of  delevering  several  hundred 
volts  DC  modulated  at  up  to  100  VAC  was  connected  to  the 
electrodes.  The  signal  was  detected  by  observing  the  fluores¬ 
cence  at  ninety  degrees.  The  signal  was  collected  with  F/9 
optics  and  passed  through  a  1/2  meter  Jarrell-Ash  monochromator. 

A  RCA  1P28  photomultiplier  was  used  as  the  detector. 

7.3  Flame  Assisted  Plasma 

The  flame  assisted  plasma  is  generated  inside  a  low  pressure 
vessel.  The  vessel  is  constructed  from  stainless  steel  and  is 
mounted  with  windows  and  instrumentation  ports.  The  burner  we 
have  chosen  is  a  capillary,  diffusion  flame  burner  obtained  from 
the  University  of  Florida.  The  non-premixed  burner  allows  a  wide 
range  of  operating  conditions  without  the  normal  difficulties 
associated  with  using  hydrogen  and  oxygen  as  reactants,  and  can 
be  operated  down  to  about  20  Torr.  Barium  tetrachloride  is 
seeded  into  the  flame  using  a  Perkin-Elmer  aspirator  modified  to 
operate  at  lower  pressures.  Electrodes  are  mounted  adjacent  to 
the  flame.  A  combination  of  a  DC  power  supply  and  audio  power 
amplifier/signal  generator  allows  delivery  of  up  to  several 
hundred  volts  DC  or  AC. 

8  Experimental  Results 

8.1  Plasma  Current-Voltage  Characteristics 

Typical  current-voltage  results  for  several  seeding  levels 
are  shown  in  Figure  9.  The  curve  displays  the  square  root 
dependency  and  the  linear  and  saturation  regimes.  As  the  level 
of  seeding  is  increased,  the  saturation  current  increases.  Thus 
by  varying  the  seeding  rate,  one  can  significantly  change  the 
domain  of  behavior. 
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8.2  Spacial  Profiles  of  the  Plrfsma  Properties 

Spacial  profiles  of  the  barium  ion  number  density  were 
obtained  using  LIF  under  a  variety  of  conditions.  Typical 
results  are  shown  in  Figure  10  for  a  DC  field  applied  such  that 
the  sheath  grows  from  left  to  right.  As  can  be  seen,  the  zero 
field  ion  profile  is  symmetric  about  the  centerline  and 
approximately  parabolic.  As  the  field  is  increased,  the  absolute 
value  of  concentration  drops  and  the  profile  shifts  to  the  right. 
The  point  where  the  concentration  becomes  undetectable  on  the 
left  marks  the  approximate  righthand  boundary  of  the  sheath. 

Spacial  profiles  of  the  temperature  are  shown  in  Figure  11 
for  a  case  without  electric  field.  (Because  of  systematic 
uncertainty  in  the  absolute  temperature,  the  data  were  scaled  to 
the  adiabatic  flame  temperature  at  the  center  of  the  plates.)  As 
can  be  seen,  the  temperature  profile  is  approximately  parabolic 
in  a  fashion  similar  to  the  number  density  profiles. 

9  Status  of  the  Diagnostic 

Our  findings  may  be  used  to  establish  the  operating 
constraints  of  the  use  of  Doppler  shift  methods.  The  major 
result  is  that  due  to  ion  transport,  ion  densities  drop  by  as 
much  as  three  orders  of  magnitude  in  regions  of  large  electric 
field.  As  a  consequence,  the  diagnostic  is  limited  by  signal  to 
noise,  rather  than  Doppler  shift  resolution. 

One  may  estimate  the  concentration  levels  that  must  be 
detectable  for  the  LIF  detection  to  operate.  The  detectability 
limit  for  the  five  level  barium  system  may  be  expressed  in  terms 
of  an  acceptable  singal  to  noise  ratio  as 


where  C  is  a  constant  that  takes  into  account  all  optical 
parameters  and  the  expression  in  the  brakets  is  the  ratio  of  the 
level  5  population  to  the  total  population  under  excitation 
conditions.  Under  the  conditions  for  which  our  data  was  taken, 
the  signal  to  noise  ratio  of  our  results  when  no  electric  field 
was  present  was  approximately  100:1  at  the  center  of  electrode 
plates.  This  gave  adaquate  results  when  no  electric  field  was 
present.  However,  as  the  barium  ion  concentration  in  sheath 
dropped,  the  signal  to  noise  ratio  droped  to  the  point  where  the 
signal  could  not  be  separated  from  the  noise. 
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There  are  several  steps  that  could  be  taken  to  reduce  the 
detectability  limit.  The  optical  focal  volume  could  be  enlarged 
by  as  much  as  a  factor  of  ten  without  serious  compromise  of 
spacial  resolution.  To  take  advantage  of  this  enlargement  more 
laser  power,  approximately  a  factor  of  two  or  three,  would  be 
required  to  maintain  a  condition  of  near  saturation.  The  solid 
angle  could  be  increased  by  a  factor  of  five  with  larger  F/# 
optics.  Finally,  the  sampling  time  could  be  increased  by  a 
factor  of  100  without  too  much  difficulty.  These  changes,  all 
possible  with  presently  available  equipment,  would  result  in  a 
three  to  four  order  of  magnitude  decrease  in  the  detectability 
limit.  Such  a  decrease  would  make  measurments  in  the  sheath 
possible  and  bring  the  diagnostic  to  the  application  in 
interesting  experiments.  With  some  attention  to  signal  process¬ 
ing,  further  gains  in  detectability  are  possible. 
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Laser  Beam 


Figure  1.  Velocity  modulated  laser  spectroscopy 


Figure  2.  Two-beam  Doppler  shift  laser  spectroscopy  configuration 
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Small  Field  Limit 


Figure  5.  Electric  field,  voltage,  and  number  density  distributions  for 
the  small  field  limit 
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Saturation  Limit 


Figure  6.  Electric  field,  voltage,  current  density,  and  number  density 
density  distributions  for  the  saturation  limit 
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Figure  7.  Electric  field,  voltage,  current  density,  and  number  density 
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Figure  8.  Vertical  slit  collection  optics  that  allow  horizontal  transla* 
tion  of  the  collection  volume 
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Figure  10.  The  relative  barium  ion  LIF  signal  as  a  function  of  axial  po¬ 
sition  between  the  plates,  for  [Ba)=  300ppm,  and  at  different 
applied  voltages.  The  laser  crossed  the  plasma  at  the  center 
of  the  plates.  The  flame  was  ff2/02  at  <f>  =  1.4,  p=65  torres, 
d=1.6  cm,  and  H=2  cm.  The  left  electrode  (x=  -0.3)  was 
powered. 
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Figure  11.  The  spatial  temperature  distribution  in  the  plasma  recovered 
by  the  single  spectral  line  fit.  The  flame  conditions  are  those 
of  the  last  figure. 


